averaged from clinical measurements during the first 4.5 months of dialysis. We evaluated the associated prospective risk of mortality using multivariable Cox proportional hazards models stratified by race. Results: PTH and total alkaline phosphatase levels were higher, whereas calcium, phosphorus, FGF23 and 25 D levels were lower in African Americans compared to those of non-African Americans. Higher serum phosphorus and FGF23 levels were associated with greater mortality risk overall; however, phosphorus was only associated with risk among African Americans (HR 5.38, 95% CI 2.14-13.55 for quartile 4 vs. 1), but not among non-African Americans (p-interaction = 0.04). FGF23 was associated with mortality in both groups, but more strongly in African Americans (HR 3.91, 95% CI 1.74-8.82 for quartiles 4 vs. 1; p-interaction = 0.09). Serum calcium, PTH, and 25 D levels were not consistently associated with mortality. The lowest and highest quartiles of total alkaline phosphatase were as-
Introduction
Abnormalities of mineral homeostasis are among the most potent risk factors for adverse outcomes in the ESRD population and are potentially modifiable [1, 2] . Elevation in serum phosphorus levels due to inadequate renal and dialytic clearance, contributes to rising levels of phosphorus regulatory hormones, parathyroid hormone (PTH) and fibroblast growth factor 23 (FGF23). Elevated levels of FGF23 inhibit the production of 1-α hydroxylase, which converts 25-hydroxyvitamin D (25 D) to active 1,25-dihydroxyvitamin D. This induces 1,25-dihydroxyvitamin D deficiency, thereby contributing to further elevation of PTH, impaired calcium absorption and abnormal bone turnover [3] . The resulting abnormalities in mineral and bone homeostasis may contribute to the pathogenesis of cardiovascular disease in patients with ESRD by promoting vascular calcification [4] , left ventricular hypertrophy and fibrosis [5, 6] , and sudden cardiac death [7, 8] .
Levels of these mineral and bone parameters differ between African Americans and non-African Americans [9] , with higher PTH and phosphorus levels and lower FGF23 and 25 D levels commonly observed in African Americans on dialysis [1, 10] . The consequences of abnormalities in mineral homeostasis may also differ by race as highlighted by a recent study among a racially diverse population of young adults in which deficiency of 25 D was associated with coronary heart disease in Caucasians, but not in African Americans [11] . Findings such as these suggest that race-specific targets for mineral and bone parameters may be needed.
Our group previously reported that elevated levels of serum calcium, phosphorus and PTH were each associated with an increased risk of mortality in incident dialysis patients enrolled in the Choices for Healthy Outcomes in Caring for End-Stage Renal Disease (CHOICE) Study [12] . In this study, we extend these findings to include measurements of FGF23, total alkaline phosphatase and 25 D and test the hypothesis that the association of mineral homeostasis with mortality differs by race.
Subjects and Methods

Study Population
All participants included in this study were recruited as part of the CHOICE Study between 1995 and 1998 from dialysis clinics affiliated with Dialysis Clinic, Inc. (DCI, Nashville, Tenn., USA). Inclusion criteria for CHOICE included the initiation of chronic outpatient dialysis within the past 6 months, ability to provide informed consent for participation, age older than 17 years, and ability to speak English or Spanish. Samples were drawn from hemodialysis patients prior to dialysis treatments, immediately processed and stored at -80 ° C. This analysis includes the 184 African American and 327 non-African American participants with samples available in the specimen bank. Although the initial CHOICE cohort included both peritoneal and hemodialysis patients, only those on hemodialysis contributed to the specimen bank. The Johns Hopkins University School of Medicine Institutional Review Board and the review boards for each clinical center approved the study protocol and all patients gave their written informed consent.
Exposure
The primary exposures for this study were serum calcium, phosphorus, PTH, and total alkaline phosphatase, and plasma FGF23 and 25 D. Serum calcium, phosphorus, PTH and total alkaline phosphatase levels were calculated as the average of all clinical measurements performed during routine dialysis care up to 4.5 months after enrollment to correspond to the time when FGF23 and 25 D levels were measured. A majority of participants had 5 measurements of calcium (95%), phosphorus (95%) and total alkaline phosphatase (85%), and 1-2 measurements of PTH (77%; 10.4% had >2 measurements of PTH) in the time interval. PTH was measured using the Diasorin intact assay (Diasorin, Inc., Stillwater, Minn., USA). Serum calcium levels were not corrected for albumin in primary analyses due to the adjustment for serum albumin in multivariable models, and because the use of albuminadjusted calcium did not qualitatively change the findings (data not shown). C-terminal FGF23 (Immutopics, San Clemente, Calif., USA) and 25 D (Immunodiagnostic Systems, Scottsdale, Ariz., USA) were measured at a single timepoint in stored plasma samples drawn within 6 months of enrollment (median of 90 days).
Covariates
Demographics and medical history were ascertained by a combination of self-report and chart review. Race was classified as either African American (n = 184; 36%) or non-African American (n = 327; 64%), which included Caucasian (n = 295) and other races (n = 32). Baseline atherosclerotic cardiovascular disease was defined as a history of coronary artery disease, myocardial infarction, cerebrovascular disease, peripheral vascular disease or transient ischemic attack prior to dialysis initiation. The presence and severity of comorbidity were assessed using the Index of Coexistent Disease (ICED), an instrument that has been validated in dialysis populations [13, 14] . Body mass index (BMI) was calculated based on the height and weight reported on Centers for Medicare & Medicaid Services Form 2728 that is completed by providers at dialysis initiation. Laboratory covariates include serum albumin and hemoglobin measured as the average of all clinical measurements up to 4.5 months after enrollment. High-sensitivity C-reactive protein (CRP) and interleukin-6 (IL-6) were measured as previously reported [15] .
Outcomes
The primary outcome is all-cause mortality ascertained through December 31, 2008 using direct contact with dialysis clinics and through data linkage to the United States Renal Data System, the national registry of patients with ESRD in the United States. Date of death is directly ascertained in the United States Renal Data System through mandated reporting. The secondary outcome is atherosclerotic cardiovascular death, defined as a death with an immediate or underlying cause attributed to coronary artery disease, cerebrovascular disease, peripheral vascular disease, and abdominal aortic aneurysm or ischemia. Causes of death were ascertained through the National Death Index and adjudication by trained physicians, as previously described [15] , and were available through December 31, 2004 . Both outcomes were censored at the time of kidney transplantation and secondary analyses were censored for death due to non-cardiovascular causes.
Statistical Analysis
Descriptive statistics were used to compare the characteristics of CHOICE participants that were included in our study population versus not, and characteristics by African American versus non-African American race. Levels of mineral parameters were classified in quartiles. FGF23 and PTH were log transformed for continuous analyses.
We evaluated the cumulative incidence of death by levels of each mineral parameter and race using the Kaplan-Meier method and the log rank test. Due to measurement of the exposure in stored specimens collected after dialysis initiation, participants were left censored to the time of measurement. We modeled the hazard of death using Cox proportional hazards models adjusted for age, sex, race, education (less than high school, high school graduate, college graduate or declined to answer), smoking, BMI, ICED, diabetes mellitus, history of atherosclerotic cardiovascular disease, serum albumin and hemoglobin, accounting for correlation within dialysis clinic clusters using stratification. Missing data were handled by model-wise deletion. Nine percent of participants were missing a covariate and therefore were not included in fully adjusted models. These participants did not differ from those included in fully adjusted models in terms of age, sex, comorbidity index or history of diabetes mellitus or cardiovascular disease (data not shown), but were more likely to be African American (p = 0.02).
We stratified models by race and tested interactions by race in models including mineral parameters as continuous variables. In these interaction models, PTH and total alkaline phosphatase were modeled using restricted cubic splines with knots at the 10th, 50th and 90th percentiles due to evidence of a nonlinear association with mortality in this and other studies [16] . In secondary analyses, we conducted similar analyses with risk of cardiovascular mortality.
In sensitivity analyses, we additionally adjusted primary models for the inflammatory markers, CRP and IL-6, and repeated analyses using race-specific quartiles of each mineral parameter. We accounted for the impact of missed dialysis treatments, as a measure of poor adherence to treatment, on both mineral parameters and outcomes with analyses restricted to the subset of the population who missed ≤ 3% of scheduled dialysis treatments over a median of 3.6 years (interquartile range (IQR) 2.1-4.9 years). Finally, we accounted for differing levels of residual renal function by performing analyses restricted to participants who reported ≥ 250 ml of urine per day at study enrollment (n = 392). Statistical analyses were performed using Stata (Special Edition, version 11.1; Stata Corporation, College Station, Tex., USA). Two-sided p values ≤ 0.05 were considered significant, except for tests of interaction for which p ≤ 0.10 was considered significant due to reduced power in these comparisons.
Results
The study population includes 511 participants on hemodialysis from CHOICE with samples available for measurement of FGF23 and 25 D. Participants had lower educational attainment, higher serum albumin, calcium and phosphorus, lower hemoglobin, and were more likely to have diabetes and higher ICED compared to those without samples available (n = 530; online suppl. table 1; for all online suppl. material, see www.karger.com/doi/ 10.1159/000438999). Participants enrolled in CHOICE a median of 51 days after dialysis initiation (IQR 31-79) and began to accrue follow-up in this study a median of 145 days (IQR 113-184) after dialysis initiation, at the time blood samples were obtained. The mean age was 58 ± 15 years. Fifty seven percent of the study population had diabetes and 56% had atherosclerotic cardiovascular disease. Among those with medication information available, only 12% were using intravenous calcitriol at enrollment and this did not differ by race (p = 0.39). African American participants were younger, less likely to have cardiovascular disease and had lower ICED compared to non-African Americans, among other differences ( table 1 ).
Baseline serum calcium level in the study population was 9.3 ± 0.6 mg/dl, with 6% of participants above 10.2 and 7% below 8.5 mg/dl. Baseline serum phosphorus level was 5.4 ± 1.3 mg/dl and 44% of the population was >5.5 mg/dl. Median FGF23 was 1,577 RU/ml (IQR 818-4,946), median PTH was 148 pg/ml (IQR 70-286), median 25 D was 13.0 ng/ml (IQR 9.7-17.2) and median total alkaline phosphatase was 89 IU/l (IQR 68.8-113.5). African Americans had higher levels of PTH and total alkaline phosphatase, but lower levels of calcium, phosphorus, FGF23 and 25 D than non-African Americans (online suppl. fig. 1 ).
Over a median of 3.4 years of follow-up (IQR 1.8-5.9), 361 participants died from any cause (incidence rate 196 per 1,000 person-years). Cause-specific mortality was ascertained over a shorter interval (median 3.4 years), during which 159 participants died from cardiovascular causes (incidence rate 88 per 1,000 person-years). Cumu-lative survival was higher among African Americans compared to non-African Americans (p < 0.001). Cumulative survival according to each mineral parameter and race is depicted in figure 1 .
Association of Serum Calcium with Mortality
Higher serum calcium levels were not associated with the risk of mortality after demographic adjustment (p = 0.10). The risk of mortality was higher in the second quartile of serum calcium (8.9-9.2 mg/dl) after full adjustment (HR 2.10, 95% CI 1.45-3.05), but not in demographic adjusted models (p = 0.16), and there was no linear relationship in continuous analyses (p = 0.72). When stratified by race, this overall pattern was observed among nonAfrican Americans, but not African Americans, although the interaction was not statistically significant ( table 2 ; p = 0.20).
Association of Serum Phosphorus with Mortality
Similar to prior studies [17] , higher quartiles of serum phosphorus were not associated with higher mortality in univariate analyses, but a significant association emerged after demographic adjustment (HR 1.46, 95% CI 1.01-2.09 for highest compared with lowest; HR 1.14 per 1 mg/ dl higher phosphate in continuous analyses, 95% CI 1.03-1.26) and persisted with full adjustment ( table 2 ). The associations were stronger among African Americans (p-interaction = 0.04) with an over 5-fold higher risk among African Americans in the highest quartile compared to the lowest (HR 5.38, 95% CI 2.14-13.55; table 2 ).
Association of FGF23 with Mortality
Higher FGF23 was associated with greater mortality in continuous models that were demographic-adjusted (p = 0.01) and fully adjusted ( table 2 ; p = 0.004). A graded ‡ p interaction from fully adjusted model in which mineral parameter was modeled as a continuous variable. Due to some evidence of non-linearity in quartile models, continuous parathyroid hormone and total alkaline phosphatase were modeled using restricted cubic splines for interaction testing.
§ n = 409 with available parathyroid hormone; quartile 2 is used as reference quartile due to possible non-linear relationship with outcomes.
ǁ n = 466 with available total alkaline phosphatase. Quartile 3 is used as the reference quartile due to prior reports of non-linear relationships with outcomes.
* Continuous model tests linear relation between PTH or total alkaline phosphatase and outcome.
relationship between higher FGF23 was evident among African Americans (p = 0.001; HR 3.91, 95% CI 1.74-8.82 for the highest vs. lowest quartile). Quartiles 2 and 4 were associated with higher risk compared to quartile 1 in nonAfrican Americans, but there was no relationship between log-transformed FGF23 and mortality in continuous analyses (p = 0.23, p-interaction = 0.09).
Association of PTH, 25 D and Total Alkaline
Phosphatase with Mortality PTH and 25 D were not associated with outcomes in any models. The highest and lowest quartiles of total alkaline phosphatase were associated with higher mortality overall, but there was no interaction by race ( table 2 ) .
Secondary and Sensitivity Analyses
Results from models of cardiovascular mortality revealed similar estimates, although power was limited to test interaction ( table 3 ) . In sensitivity analyses, additional adjustment for inflammatory markers or use of racespecific quartiles in lieu of overall quartiles did not meaningfully modify the results (data not shown). Analyses restricted to participants who missed fewer than 3% of their hemodialysis sessions (online suppl. fig. 2 ) and those with ≥ 250 ml/day of urine output were similar to primary analyses (online suppl. fig. 3 ).
Discussion
We report increased relative risk of all-cause and cardiovascular mortality associated with aberrant phosphorus metabolism, as indicated by higher serum phosphorus and FGF23, in patients recently initiating hemodialysis. The relative risks associated with higher phosphorus were evident only among African Americans, whereas the risks associated with FGF23 were evident in both groups, but greater in African Americans compared to non-African Americans. Both higher and lower levels of total alkaline phosphatase were associated with mortality overall and there was no interaction by race. Prior studies in incident ESRD patients also found greater risk associated with elevated FGF23 in African Americans compared to non-African Americans [1] . Our study extends these findings over a long followup period and includes multiple mineral parameters and their association with overall and cardiovascular mortality.
Our results differ from a previous report in a large cohort of prevalent hemodialysis patients [18] . In this study, there was no meaningful modification in the relationship between calcium, phosphorus, PTH and alkaline phosphatase by race. FGF23 was not measured and unlike our study, the majority of participants were using active vitamin D sterols, which may provide a survival benefit despite raising serum phosphorus [19] . In addition, it is possible that the use of prevalent, as opposed to incident dialysis patients that were studied here, may have contributed to the disparate findings [1, 18] .
The differences in mean levels of mineral parameters by race in this study mirror prior findings with higher levels of PTH among African Americans [20, 21] , despite lower FGF23 and phosphorus [18, [22] [23] [24] . This constellation of abnormalities could be consistent with more severe 1,25-dihydroxyvitamin D deficiency in African Americans, but we were not able to measure these levels to confirm this. We only had information on the use of intravenous calcitriol and not on the use of other vitamin D analogues that may have been in use during the follow-up period. The overall limited use of calcitriol at baseline in this cohort may have the advantage of revealing associations without confounding by treatment status or dose, but findings could differ in a more contemporary, treated cohort, particularly in light of changing PTH treatment guidelines over this time [25] . Also, we did not have information available on the use of phosphorus binders; however, we do have data on achieved serum phosphorus, which has been commonly associated with outcomes in other cohorts [2] .
In this study, 25 D levels, which were low in most of the participants, were not associated with mortality in either African Americans or non-African Americans. Similarly, no relationship between 25 D and death or ESRD events was found in a recent study of African Americans with pre-dialysis CKD [16] . It is important to note that our study was initiated in 1995-1998 when nutritional vitamin D supplementation was not widespread, which may explain universally low levels. Our results confirm findings of another recently reported cohort of patients with advanced CKD and ESRD, in which 1-25-hydroxyvitamin D, but not 25 D, was associated with death [23] , reflecting risk that could be attributable to impaired 1-α hydroxylation due to FGF23 elevation. This group of results differs from the general population and other studies of CKD and ESRD populations in which low 25 D was associated with higher mortality [26] [27] [28] [29] [30] [31] [32] . In the prior studies of incident hemodialysis patients, only severe deficiency was associated with increased mortality [28] , or risk was evaluated only for early dialysis mortality, within 90 days, in which low 25 D may have reflected an already declining health status [27] .
It is unclear whether the differences in risk associated with aberrant phosphorus metabolism by race represent true heterogeneity in the biological impact of mineral homeostasis in African Americans on dialysis or are the result of differences in other characteristics of African Americans compared to non-African Americans with ESRD. African Americans on dialysis tend to be younger and have fewer comorbid diseases compared to nonAfrican Americans [33] , differences that may be attributable to a higher prevalence of major risk alleles for kidney disease [34, 35] . Despite the higher risk for the occurrence of ESRD [36, 37] , African Americans on dialysis have better survival compared with non-African Americans in most age groups [38, 39] . As a result of major genetic contributions to ESRD in African Americans, it is possible that African Americans with ESRD have more organ-limited disease at dialysis initiation [40] . A lower burden of systemic disease in African Americans and longer survival may result in less competing causes of death that are not attributable to dialysis-specific risk factors. As a result, dialysis-specific risk factors may be more easily detected in African American populations. In fact, our group recently reported heterogeneity of the risk association between biomarkers of vascular calcification and mortality according to diabetic status with greater risk evident only among non-diabetics [41] and more linear association between blood pressure and outcomes in lowrisk groups [42] . Each of these results suggests that targeting dialysis-specific risk factors may be most useful in those with lower overall mortality risk.
Alternatively, it may be that the higher risk of adverse outcomes associated with aberrant phosphorus metabolism in African Americans is not merely due to competing risks, but instead attributable to biological differences. True differences in bone and mineral homeostasis by race are suggested by different rates of osteoporosis, vascular calcification, greater peripheral resistance to the actions of PTH [43] [44] [45] and genetic differences in the binding and handling of vitamin D [9, 22, 44, [46] [47] [48] [49] . A recent study suggests that APOL1, a major risk allele for ESRD in African Americans, may also promote cardiovascular disease [50] , underscoring the possibility that genetic differences between African Americans and non-African Americans could result in differing implications of bone and mineral abnormalities and their possible role in cardiovascular disease pathogenesis. Our study had several limitations including the fact that it was an observational study where causality cannot be established. Although our data collection in this prospective cohort study was thorough, we may still be missing information on potential confounders that may affect the associations we found including data on control of comorbid illnesses. However, our study also had several strengths. We were able to control for multiple known risk factors, which were collected in a standardized fashion. We had multiple measurements for several mineral metabolism analytes to allow for more comprehensive characterization and physician adjudication of causes of death.
In summary, African Americans have a higher mortality risk with elevated serum phosphate and FGF23 levels compared to non-African Americans. Our findings provide impetus for research examining race-specific treatment targets for bone and mineral parameters and particularly for aberrant phosphorus metabolism. Such studies designed to test interventions of bone and mineral homeostasis should be powered adequately to evaluate possible differences in treatment effects by race.
